Effect of inclination direction on the recording performance of bit-patterned media with weakly inclined anisotropy was investigated by simulation. Magnetic dots with a size of 15x7.5x5 nm 3 were arranged on a soft magnetic underlayer with an areal density of 2.6 Tdot/in 2 . Saturation magnetization of each dot was assumed to be 1000 emu/cm 3 . Media with three different inclination directions with an inclination angle of 30 degrees from the film normal, which were down-track inclined, cross-track inclined and cone-state, were investigated for the recording performance using a shielded planar head field. Although the three media exhibited almost the same remanence curve, obtained recording performance indicated different write shift margins. It was found that the write shift margin in the cross-track direction increased for the media with fixed inclined anisotropy axes, but the medium with the inclination direction in the cross-track direction exhibited larger shift margin than that of the down-track inclined medium when the anisotropy field dispersion was increased to 4 %, while increase in the write shift margin in the downtrack direction was similar for down-and cross-track inclined media. The cause of the difference was primarily explained by the composite anisotropy of the elongated dot with the shape anisotropy in the cross-track direction.
Introduction
Bit patterned medium is one of promising candidates which extend recording densities of perpendicular magnetic recording beyond 1 Tbit/in 2 . However, when the packing density of the magnetic dots is increased, magnetostatic interaction between the dots reduces the write shift margins in the down and cross track directions [1] . Although usual approach to reduce the interaction is to use reduced dot size with an ECC structure [2] , we have proposed bit patterned media with inclined anisotropy, which could reduce the effect of the magnetostatic interaction and indicated high areal density recording beyond 2 Tbit/in 2 [3] using a write field of a narrow track width shielded planar head [4] . It was also indicated that high areal density recording around 2 Tbit/in 2 would be realized with bit patterned media with weakly inclined anisotropy [5] . In this paper, effect of anisotropy inclination direction on the recording performance including cone-state anisotropy was studied.
Simulation model
Magnetic dot was modeled as a prism of 7.5×15×5 nm 3 (elongated to the cross-track direction with a height of 5 nm) with a relatively high saturation magnetization, M s , of 1000 emu/cm 3 to reduce required head field [6] . The dots were arranged with 12.5 and 20 nm in down and cross track periods, respectively, with a dot spacing of 5 nm, which corresponds to an areal dot density of 2.6 Tdot/in 2 . The magnetic anisotropy axis was weakly inclined with an angle of 30-degree from perpendicular direction of the film. Three inclination directions were studied, which were (a) down-track direction (DT), (b) cross-track direction (CT), and (c) cone-state (Cone). The average anisotropy field, <H k >, was 22 kOe which assured the thermal stability with KV/kT > 60 at room temperature for DT and CT direction media. The dispersions were assumed as 2 to 6 % and 1 degree of standard deviation in H k and the anisotropy orientation, respectively. The cone-state anisotropy was obtained using a negative K u1 with a positive K u2 . The inclined angle is obtained as
A non magnetic 1 nm inter-layer was assumed on an analytic soft magnetic underlayer (SUL). A 3-dimentional write field of a shielded planar head [4] with a pole size of 10×45 nm 2 (10 nm of the track width) was used for recording simulation. Figure 1 shows simulated perpendicular remanence curves obtained with a step of 100 Oe of applied field for three kind of dot arrays consist of 32x32 dots with different anisotropy inclination directions. Inclinations in DT and CT directions are represented with angles of φ and θ, respectively. The cone anisotropy with an angle of 30 degrees were obtained with anisotropy fields of H K1 = -12.5 kOe and H K2 = 25 kOe. The remanence curves for the three dot arrays are about the same in spite of different directions of the anisotropy inclination, which also exhibit much smaller switching fields than that of perpendicular anisotropy dot array. The jump and plateau seen in the "Cone" curve are attributed to rearrangement of the magnetization direction during the reversal process. An analysis of the effect of the inclination of anisotropy axis indicated that inclination of neighboring magnetization at the switching reduces the effect of magnetostatic interaction on the switching field. Therefore, the inclination direction is expected to exhibit little effect on the switching properties. 
Remanence curves

Recording simulation
Recording simulation at an areal density of 2.6 Tbit/in 2 with a shielded planar head was performed for the medium model shown in Fig. 2 . A medium of 128 dots x 8 tracks was used for the simulation. Perpendicular head field, H y , profiles of the head in DT and CT directions are shown in Fig. 3 . Maximum field of greater than 15 kOe and the field gradient of around 600 Oe/nm were obtained even for the assumed head/medium spacing of 6 nm. When the synchronization of the head field with the dot pattern is correctly chosen, the signal pattern with a liner density of 2031 kFCI was successfully recorded on a track as shown in Fig. 4 . Figure 5 shows down track position dependence of on track write error rate for media with different anisotropy inclination directions and dispersions in the anisotropy field. The switching timing of the write field was shifted and the write error bits were counted for one track in the figure. A relatively large write shift margin of 6.5 nm for a dot pitch of 12.5 nm was obtained for media with DT and CT inclination directions when H k dispersion was as small as 2 %. However, the shift margin was reduced to about 2/3 for the medium with cone anisotropy, and no margin was obtained for perpendicular anisotropy media even a reduced H k of 17 kOe was used. The inclined anisotropy direction should be fixed for obtaining larger shift margins. The shift margin was reduced to 2.5 nm for DT inclination direction with an increased H k dispersion of 4 %, while that for CT inclination direction was 4 nm. The difference in the recording performance was enhanced for cross-track shift margin, as shown in Fig. 6 . The on track and adjacent track error bits were counted with shifting the head field in the cross-track direction. Much wider cross-track shift margin of 11 nm and 10 nm were obtained for the medium with CT and DT anisotropy inclination directions, respectively, when the H k dispersion was 2 %, while that for cone anisotropy medium was only 5 nm. When the H k dispersion was increased to 4 %, cross-track shift margin for DT inclined anisotropy medium reduced to 2 nm, but that for CT inclined medium exhibited a 6 nm of the margin. The difference could be seen in the applied field angle dependence of remanence properties of the media. Figures 7 and 8 show applied field angle dependence of remanence reverse beginning field, H nr , for media with DT and CT anisotropy inclination directions, respectively. The θ angle dependence from 90-degree affects on the adjacent track write properties because head field acting on the adjacent tracks has a small inclination from perpendicular direction. Therefore, if the remanence field of the dots exhibits reduced H nr for reduced applied field angles, the adjacent dots are easily reversed. The remanence field increased for smaller applied field angles of θ for cross-track inclined anisotropy media, as shown in Fig. 8 . The difference in θ dependence could be explained with the change in the total anisotropy when the shape anisotropy of the dot is added. In the case of DT inclined anisotropy media, the shape anisotropy axis is at right angle with the crystalline anisotropy axis. On the other hand, in the case of CT inclined anisotropy media, the shape and crystalline anisotropy axes are at smaller angles than 90-degree. Addition of anisotropy at right angle reduces the original anisotropy, but the effect is reduced when the anisotropy axes are at smaller angles than 90-degree. The composite anisotropy composed of two anisotropy fields at an angle θ, which is illustrated in Fig. 9 , is represented as, which is plotted in Fig. 10 . The angle δ represents the angle of the composite anisotropy axis. The reducing effect in H k decreases or even becomes additive with decreasing angle θ. The drawback of using CT inclined anisotropy media might be in that the inclination of the magnetization reduces the output signal directly, while that of DT inclined magnetization would be only a phase shift in the output signal. 
Summary
Effect of inclination direction on the recording performance of bit-patterned media with weakly inclined anisotropy was investigated by simulation using a shielded planar head field. Although the three media with various inclination directions including cone anisotropy exhibited almost the same remanence curve, obtained recording performance indicated different write shift margins. It was found that the write shift margin in the cross-track direction increased for the media with fixed anisotropy direction, but the medium with the inclination direction in the cross-track direction exhibited wider shift margin than that of the down-track inclined medium when the anisotropy field dispersion became large, while increase in the write shift margin in the down-track direction was similar for down-and cross-track inclined media. The cause of the difference was explained by the change in the composite anisotropy of the dot with the shape anisotropy in the cross-track direction.
